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Summary
Objective: Meniscectomy-induced osteoarthritis may be mechanically based. We asked how meniscectomy alters time-dependent deforma-
tion of physiologically loaded articular cartilage. We hypothesized that meniscectomy alters nominal strain in tibial articular cartilage, and that
meniscectomy affects cartilage thickness recovery following cessation of loading.
Methods: A cyclic load simulating normal gait was applied to four sheep knees. A custom device was used to obtain MR images of cartilage at
4.7 T during cyclic loading. Articular cartilage thickness and nominal strain were measured every 2.5 min during 1 h of cyclic loading, and
during 2.5 h after cessation of loading.
Results: Following meniscectomy the loaded joints rapidly developed high strain centrally and minimal strain peripherally. Maximum nominal
strains after 1 h of loading were about 55% in the intact knees and 72% in the meniscectomized knees. Nominal strains in the peripheral tibial
cartilage were signiﬁcantly reduced in the meniscectomized knees. Strain recovery was markedly prolonged in the meniscectomized knees.
Conclusions: With meniscectomy, tibial articular cartilage in the central load bearing region remains chronically deformed and dehydrated,
even after cessation of loading. Post-meniscectomy osteoarthritis may be initiated in this region by direct damage to the cartilage matrix,
or by altering the hydration of the tissue. In peripheral regions, reduced loading and strain may facilitate subchondral vascular invasion,
and endochondral ossiﬁcation. This is consistent with the central ﬁbrillation and peripheral osteophyte formation seen in post-meniscectomy
osteoarthritis.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Meniscectomy is a common and effective treatment for
unstable meniscal tears, reducing knee pain and improving
function. Meniscectomy, however, is known to change the
mechanical loading of articular cartilage by concentrating
high load on a markedly reduced contact area1e6. Menis-
cectomy has been shown in humans to be associated
with increased risk of osteoarthritis many years after the
procedure7e10. Alteration of the mechanical environment
in the joint following meniscectomy is believed to play an
important role in the development of post-meniscectomy
osteoarthritis.
Meniscectomy results in knee osteoarthritis in humans
and in various animal models7e17. The relationship between
altered mechanical loading and cartilage degeneration after
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1545loading on articular cartilage may directly cause ﬁbrillation of
cartilage by increasing friction and structural damage18,19,
while abnormally low loading may allow the advance of
endochondral ossiﬁcation resulting in articular cartilage thin-
ning and peripheral osteophyte formation20,21. Fibrillation,
thinning of articular cartilage, and osteophyte formation are
observed on the tibial plateau of a knee following meniscec-
tomy in humans and animals, including sheep16,17,22.
Articular cartilage exhibits highly complex time-
dependent material behavior and non-linear deformation
over time23e26. Articular cartilage material has solid and
ﬂuid phases and exhibits strain dependent permeability,
where the ﬂow of ﬂuid through the cartilage tissue depends
not only on the material of the solid phase, but on the strain
state of the solid phase25,27. Studies have tested time-
dependent behavior of articular cartilage in tissue plugs24,
and multiphasic material models of articular cartilage have
been described23,25.
To this point, however, our understanding of the dynamic
behavior of articular cartilage in a whole joint is minimal.
There have been a number of studies that have evaluated
articular cartilage deformation at a single time point1,28,29,
and one study has used MRI to evaluate the time-
dependent cartilage deformation in a human patellafemoral
1546 Y. Song et al.: Time-dependent cartilage deformationjoint under static loading30. However, no study has evalu-
ated the time-dependent material behavior of articular carti-
lage in a joint under realistic dynamic loading and
unloading. Osteoarthritis development may be related to
the magnitude and duration of articular cartilage strain dur-
ing dynamic physiologic loading, but no study has
previously calculated and compared the magnitude and du-
ration of articular cartilage strain in intact and meniscectom-
ized knees subjected to cyclic loads. In order to truly
understand how altered joint mechanics lead to osteoarthri-
tis, a more sophisticated understanding of articular cartilage
deformation and strain in a whole joint subjected to realistic
dynamic loading is needed.
The objective of this study was to measure the deforma-
tion and nominal strains of articular cartilage over time in
a whole knee joint under realistic dynamic loading condi-
tions. To develop greater understanding of meniscectomy
induced osteoarthritis, the time-dependent articular carti-
lage nominal strain at the tibial plateau was measured
and its cumulative values throughout the entire loading
and relaxation cycle were calculated before and after
medial meniscectomy. We hypothesized that meniscec-
tomy leads to an alteration of nominal strain in articular
cartilage during cyclic loading, and that meniscectomy
affects the recovery of articular cartilage thickness following
cessation of loading.MethodsSAMPLE PREPARATIONIn this study, the sheep knee model was used as its pattern of osteoarthri-
tis is similar to humans following meniscectomy16. Two right and two left hind
limbs from four different sheep were tested. The sheep were 2 years old and
weighed approximately 50 kg.
Fresh sheep hind limbs were frozen after positioning at a ﬂexion angle of
45, which is the normal standing ﬂexion angle for a sheep31. Twenty-four
hours prior to imaging, the entire knee joint was cored with a 4.45 cm
hole-saw in the medial to lateral direction while maintaining the leg in a frozen
state. This core was large enough in diameter to maintain the entire tibio-
femoral articulation and its supporting structures in an intact state, with no
disruption to the collateral ligaments, cruciate ligaments, menisci, and menis-
cal attachments. The patellafemoral joint was not included in the core, and
the proximal joint capsule near the patellafemoral joint was cut at the edge
of the core. The joint specimen was then completely thawed in a saline
solution of gadolinium and proteinase inhibitors32 in a refrigerator at 5C
for 10 h prior to MR scanning.LOADING DEVICEA custom loading device used in a previous static study1 was modiﬁed to
apply cyclic compressive loading to a knee specimen inside the MRI scanner
and allow scanning of the specimen during cyclic loading (Fig. 1). The joint
specimen was placed between the two half-cylinders and aligned such
that the loading axis was oriented perpendicular to the articular surface at
the center of the joint. Periodic axial compression of the tibio-femoral joint
was accomplished by pressurized air ﬂowing into an air bladder with a pre-
programmed frequency, pressing the upper half-cylinder toward the lower
half-cylinder. The magnitude of applied load was calibrated before testing.
The apparatus constrained anterioreposterior translation and internaleexter-
nal rotation, but allowed medialelateral translation and varusevalgus rota-
tion. The loading apparatus could be sealed to contain ﬂuid after the
installation of a specimen.CYCLIC LOADING AND MR GATE SIGNALA custom electro-pneumatic device was designed and fabricated to
control the timing and the pressure of the compressed air. The proﬁle of
ground reaction force from a force plate study of sheep gait (Dr Richard
Appleyard, personal communication) was used to determine the frequency
and waveform of the applied loading. The peak magnitude of cyclic loading
was chosen as two times of body weight (980 N), which is the peak joint
reaction force at the knee (rather than ground reaction force) during normal
sheep gait33. The frequency of loading was approximately 1 Hz [Fig. 2(a)].The custom electro-pneumatic device generated a gate signal synchro-
nized with the loaded phase of the loading cycle. The gate signal was sent
to the MR scanner only during the plateau region of the cyclic loading phase
[Fig. 2(b)]. MR data acquisition was paused during the unloaded phase of the
load cycle, resumed during next compression cycle, and so on [Fig. 2(b)].MR IMAGING OF CYCLICALLY LOADED JOINT SAMPLEImaging was performed on a 4.7-T MRI scanner (Varian Inc., Palo Alto,
CA)1. A fast low resolution full 3D MR scan of the intact knee was obtained
using a gradient echo sequence prior to loading. This was used as a scout to
identify the location of the central load bearing region of the medial compart-
ment. One sagittal slice passing through this region of medial compartment
was selected from this 3D scan. The selected slice was identiﬁed by its
position from the medial end of the sample and by the detailed local shape
of the physis.
The previously selected sagittal slice through the center of the medial
condyle was imaged repeatedly during the experiment. A segmented gradi-
ent echo sequence in which multiple phase encoding steps are acquired per
gating event provided 58 mm2 in-plane resolution (TR/TE: 22/6 ms, matrix:
5122, zero-ﬁlled to 10242, FOV: 6 cm2, slice thickness: 1 mm, NEX: 8, 32
lines of phase encode acquired per gate). Implementation of this sequence
was analogous to segmented k-space approaches commonly used in cardio-
vascular imaging34. With the current cyclic loading paradigm, the scanner
collected a fraction of data only during the loading phase of each cycle. After
128 cycles, approximately 2.5 min later, data acquisition for a single image
was completed. The image obtained reﬂected the deformation at peak
loading averaged over each 2.5-min period.
For each sample, the entire experiment took 2 days. On day 1, an initial
3D MR data set was acquired, a single slice from this data set was selected,
the knee specimen was cyclically loaded in the MRI scanner for 1 h, and 24
images of the selected slice spaced at 2.5-min intervals were taken. Cyclic
loading of the knee was then stopped, and the unloaded knee was imaged
again at 2.5-min intervals for 2.5 h.
The joint sample was then removed from the loading device and stored in
a load-free condition immersed in a saline solution of proteinase inhibitors and
gadolinium for 24 h to allow articular cartilage thickness recovery. On day 2,
the medial meniscus was carefully removed. Another full 3D scan of the
medially meniscectomized sample was acquired, and using information on
position of the slice and the shape of the physis, the same sagittal slice
through the center of the load bearing region of the medial compartment of
the knee was selected. Themedially meniscectomized knee was then imaged
during cyclic loading and after loading, as had been done on the ﬁrst day.IMAGE PROCESSING AND THICKNESS MEASUREMENTIn each of the 170 images from each specimen (one unloaded, 24 cycli-
cally loaded and 60 relaxation images for the intact and the meniscectomy
cases) the tibial cartilage surface and the subchondral bone boundary
were manually segmented using a custom program. The images were regis-
tered by aligning the subchondral bone surface in each image, as this
surface did not exhibit detectable deformation.
Cartilage thickness was deﬁned as the perpendicular distance from
a selected point on the subchondral bone surface to the articular cartilage
boundary1. The nominal strain was deﬁned as the change in articular carti-
lage thickness between the unloaded state and the loaded state, divided
by the original unloaded cartilage thickness. The accuracy and precision of
this articular cartilage thickness measurement technique has been previ-
ously reported1. Coefﬁcients of variation (CV) of mean and maximum thick-
ness measurements for repeated scanning of the same specimen and for
repeated segmentation of the same scan were all less than 2%. The root
mean square errors of MRI thickness measurements when compared to
micro-CT measurements were less than 100 mm.ResultsARTICULAR CARTILAGE THICKNESS CHANGES IN INTACT
OR MENISCECTOMIZED KNEESMovies of evolving articular cartilage surfaces of one of
the four knees during 1-h cyclic compression and 2.5-h re-
laxation for both the intact (Movie 1) and meniscectomized
cases (Movie 2) are available as supplementary data. A
graphical representation of this cartilage deformation for
one of the samples is shown in Fig. 3. Only the central
70% of the thickness data (from points P1 to P2 in Fig. 3)
were evaluated because the cartilage deformation outside
of this region was minimal. Following meniscectomy, there
Fig. 1. A schematic diagram of the loading device is shown. The sample position and loading axis inside the loading device are displayed.
1547Osteoarthritis and Cartilage Vol. 16, No. 12was a greater and more rapid reduction of cartilage thick-
ness on the central contact area. The articular cartilage
thickness just outside of the contact area was slightly
increased in the meniscectomized joint.
The averaged mean and maximum articular cartilage
nominal strains of the four tested knee samples were
plotted as a function of time in intact and meniscectomized
cases (Fig. 4). The maximum cartilage nominal strains
in meniscectomized cases were signiﬁcantly greater
(P< 0.05, Student’s t test) than in intact cases during both
compression and relaxation periods although no
signiﬁcant differences in mean nominal strains were ob-
served (P> 0.05).TIME TO STEADY-STATE (SS) DEFORMATIONThe time to SS deformation of articular cartilage was
deﬁned as the time at which the maximum nominal strainFig. 2. (a) Applied cyclic loading (blue) was calibrated to match real she
magnitude and frequency. (b) The gate signal to the MR scanner was s
the compression phareached 95% of the greatest maximum nominal strain
during the entire 1-h compression. The meniscectomized
joints reached the SS deformation in almost half the time
of the intact joints (P¼ 0.005; Fig. 4).ARTICULAR CARTILAGE THICKNESS RECOVERY
AFTER 24 h OF RELAXATIONTo evaluate whether full articular cartilage thickness
recovery had occurred following 24 h of relaxation time after
the intact loading experiment (day 1), the mean cartilage
thickness of the unloaded scans for intact (day 1) and
meniscectomized joints (day 2) were compared in each
sample. The samples recovered 92.0 8.9% of their
original thickness on average after 24 h of recovery time.
Thus, after 24 h of relaxation time, the cartilage was
deformed less than what is observed after the initial
2.5 min of cyclic loading, our smallest time step.ep gait data (red; Appleyard RC, personal communication) in both
ynchronized with the loading cycle to allow scanning only during
se of loading.
Fig. 3. Articular cartilage deformation and thickness changes at various time points in one of the (a) intact and (b) meniscectomized knees
during cyclic compression and relaxation are displayed. Thickness values were calculated for central 70% of contact area in tibial articular
cartilage with either meniscus and femoral articular cartilage.
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STRAIN PATTERNSThe nominal strain measurements after 60 min of cyclic
loading were used as a reference. Three strain ranges
(high, moderate, low) were deﬁned from the distribution of
articular cartilage nominal strain at this reference state.
High strain was deﬁned as the highest 10% of strains,
and low strain was deﬁned as the lowest 10% of strains
from the measurements at the 60-min time point. The
central 80% of this strain range was deﬁned as moderatestrain. The distribution of articular cartilage nominal strain
over the selected slice after 60 min of cyclic loading in
one of the intact and meniscectomized samples is dis-
played in Fig. 5. The three strain ranges for all four samples
are displayed in Fig. 6.
An analysis of the percentage of cartilage surface experi-
encing high, moderate, and low strain as deﬁned above was
done to demonstrate the evolution of strain distribution over
time for all intact and meniscectomized knees during
(Fig. 7) and after cyclic loading (Fig. 8).
Fig. 4. Averaged mean and maximum strain are plotted in intact and meniscectomized knees. SS deformation times are indicated. Error bars
indicate 1 standard deviation.
1549Osteoarthritis and Cartilage Vol. 16, No. 12CUMULATIVE NOMINAL STRAINThe strain observed in this study during cyclic compres-
sion and relaxation was further evaluated by applying the
concepts of cumulative stress and strain that have been
previously described to inﬂuence skeletal tissue differentia-
tion and remodeling21,35e37. We calculated the cumulativeFig. 5. One example of the strain determination; (a) three strain range
deformation in an intact joint after 60 min of cyclic loading. (b) The sam
meniscectomiznominal strains within the central 70% of the load bearing
area of tibial articular cartilage in intact and meniscectom-
ized knees (Fig. 9). Calculations at the very periphery of
the articular cartilage surface (outside of the central 70%)
were not done due to the thin articular cartilage surface.
Due to the variability of the size between specimens, thes (high, moderate, low) were derived from the articular cartilage
e ranges deﬁned in intact case were applied to the corresponding
ed case.
Fig. 6. The range of high, moderate and low strain for each sample was displayed.
1550 Y. Song et al.: Time-dependent cartilage deformationdistances of data collection points were normalized by the
entire length of load bearing region from anterior (0%) to
posterior (100%). In order to combine information on the
magnitude and duration of strain that we obtained in this
study, we calculated cumulative nominal strain at each
location of the tibial articular cartilage surface. Cumulative
nominal strain (xc) for 1 h of cyclic loading and 2.5-h relax-
ation was expressed by the time integral of the nominalFig. 7. The distributions of low, moderate, and high strains are displayed
during cyclic compressive loading. SS strstrains during the compression phase (3c) and during the
relaxation phase (3r).
xc ¼
Z 60 min
0 min
3c dtþ
Z 210 min
60 min
3r dt
The cumulative nominal strain value reﬂects the nominal
strains experienced by the articular cartilage during entireas a function of time in (a) intact and (b) meniscectomized joints
ain distributions are also indicated.
Fig. 8. The distributions of low, moderate, and high strains are displayed as a function of time in (a) intact and (b) meniscectomized joints after
unloading.
1551Osteoarthritis and Cartilage Vol. 16, No. 12loading and relaxation period. The cumulative nominal
strain values for four specimens were then averaged and
the differences in intact and meniscectomized knees were
displayed in Fig. 9(b). The corresponding positions on an
actual MR image are indicated in Fig. 9(a). A signiﬁcant
increase in the cumulative nominal strain was observed in
the central portion of the tibial articular cartilage
[Fig. 9(b)]. This region corresponded roughly to the region
that is in direct contact with the opposing femoral condyle.
Signiﬁcant decreases in the cumulative nominal strain
were observed in peripheral articular cartilage [Fig. 9(b)].Discussion
In this study, we obtained sagittal MR images of whole
knee joints loaded at a physiologic magnitude and
frequency. We found that, centrally, meniscectomy acceler-
ates articular cartilage deformation during loading, and
results in slowed recovery of cartilage thickness after
unloading. Peripheral areas experience reduced deforma-
tion after meniscectomy.
Real loads in a knee involve rolling and sliding, which
were not duplicated here. Furthermore, the patellafemoral
joint was not included, and it was necessary to violate the
joint capsule and lose the native synovial ﬂuid in order to
prepare the specimen. Though these differences from the
natural condition of the joint would affect our quantitative
results, the loading, condition of the capsule, and ﬂuid
bathing the joint were consistent between the intact and
meniscectomized knee tests.In addition, the intact and meniscectomy conditions could
not be tested in a randomized order, but we felt that 24 h
was an adequate amount of time between tests as residual
cartilage deformation before the meniscectomized testing
was less than what was observed after the initial 2.5 min of
cyclic loading, our smallest time step. Further evaluation of
the mechanical integrity of the cartilage, other than by gross
inspection, was not performed, but testing was done at load
magnitudes that were physiologic, and should have been be-
low the threshold of causing signiﬁcant damage to the tissue.
The time to SS deformation in this study is similar to the
time found in a static study on the patellafemoral joint30. The
mean strain value of 30% for an intact knee at SS computed
in this study is for a two-dimensional slice of the knee
through the medial center of contact, and overestimates
the mean strain of the entire surface. From one of our ongo-
ing studies, a mean strain of 30% in such a two-dimensional
slice corresponds to a mean strain of about 17% over the
entire three-dimensional surface. This is comparable to
the 14% mean strain reported in human knee cartilage after
20 min of running38.
Because 70% of the wet weight of articular cartilage is
water, andwater is nearly incompressible, water ﬂow through
and out of the tissue must play an important role in determin-
ing its response to loading. A healthy meniscus has lower
permeability than articular cartilage39e41. It may be that the
meniscus acts to seal the articular cartilage surface that is
not in direct contact with the opposing articular cartilage
surface. Meniscectomy may thus make it easier for water to
escape the mechanically loaded articular cartilage. Fluid
ﬂow was not measured in this study, however, and further
Fig. 9. Averaged changes in cumulative nominal strain for four samples following meniscectomy within tibial load bearing region during cyclic
compressive load and relaxation. Distances of data collection points were normalized by the entire length of load bearing region from anterior
(0%) to posterior (100%). Central 70% of data were displayed.
1552 Y. Song et al.: Time-dependent cartilage deformationstudies are needed to determinewhether themeniscus alters
patterns of ﬂuid ﬂow before and after meniscectomy.
Once water is squeezed out of the tissue and the solid
matrix consolidates, the permeability of the tissue to ﬂuid
ﬂow reduces, making it difﬁcult for the water to ﬂow back
into the tissue once the tissue is unloaded. Following
meniscectomy, the central load bearing region of the articu-
lar cartilage deforms more and stays relatively deformed
and dehydrated for a long period of time compared to the
intact knee following loading. Our research suggests that
with intermittent activity, the articular cartilage in the central
load bearing region of the meniscectomized knee may
never fully recover its original thickness, staying in a de-
formed and dehydrated state. This could have profound ef-
fects on chondrocyte metabolic processes that likely require
proper balance of charge, soluble ions, pH, etc. to proceed
properly. Such a dramatic change in the articular cartilage
biochemical environment could be another mechanism to
alter chondrocyte gene expression toward a degenerative
pathway, and should be the subject of further investigation.
Integrating the localized articular cartilage nominal strain
over the time combines two important elements of the tissuemechanical state during the experiment, the duration and
the magnitude of deformation experienced by the tissue.
Calculated high or low cumulative nominal strain areas in
meniscectomized joints were consistent with the areas of
central cartilage ﬁbrillation and of peripheral osteophyte
formation that have been observed in in vivo post-
meniscectomy osteoarthritis studies16,17.
In conclusion, we successfully developed a MR imaging
technique and device to measure the evolution of articular
cartilage deformation over time in whole knee joints during
cyclic loading of physiologic magnitude and frequency. On
the periphery of the tibial condyle, meniscectomy results
in prolonged reduction of strain and low cumulative strain.
In vivo following meniscectomy, the peripheral region of
articular cartilage is the typical region of endochondral
ossiﬁcation and osteophyte formation16,17,20,21,42e44. In
the central load bearing region of the tibial condyle, menis-
cectomy results in rapid development of high strains which
are sustained even after a prolonged period of unloading. In
in vivo models of meniscectomy, this area of high cumula-
tive strain develops ﬁbrillation. The dramatically slowed
strain recovery seen in the central region of the tibial
1553Osteoarthritis and Cartilage Vol. 16, No. 12condyle is likely due to the strain dependent permeability of
articular cartilage. Because articular cartilage thickness re-
covery in the central load bearing region of the meniscec-
tomized tibial condyle is so prolonged, the cartilage may
never reach original thickness and may remain in a chroni-
cally deformed and dehydrated state during normal intermit-
tent activity. Fibrillation that is seen centrally may thus be
started either by direct strain-induced damage to the articu-
lar cartilage matrix, or by chronically changing the hydration
of the tissue and altering the local biochemical environment
of the chondrocyte. Cumulative strain captures the duration
and magnitude of strain in the tissue and can be useful in
describing the dynamic behavior of articular cartilage sub-
jected to physiologic loads.Conﬂict of interest
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